ABSTRAUIr Human mitochondrial DNA was obtained from peripheral blood platelets donated by the members of several independent families. The samples were screened for nucleotide sequence polymorphisms between individuals within these families. In each family in which we were able to detect a distinctly different restriction endonuclease cleavage pattern between the parents, the progeny exhibited the maternal cleavage pattern. Informative 
ABSTRAUIr Human mitochondrial DNA was obtained from peripheral blood platelets donated by the members of several independent families. The samples were screened for nucleotide sequence polymorphisms between individuals within these families. In each family in which we were able to detect a distinctly different restriction endonuclease cleavage pattern between the parents, the progeny exhibited the maternal cleavage pattern. Informative (1) . The organization of the genes for 12S and 16S rRNA, the origin of replication, and the D loop appear to have been conserved in mammalian mtDNAs (2) (3) (4) (5) (6) . However, molecular hybridization studies have found considerable sequence divergence among mammalian mtDNAs (7) (8) (9) (10) (11) , and a recent analysis of changes in restriction endonuclease sites in primate mtDNAs has suggested that mtDNA sequences are changing 5-10 times faster than single-copy nuclear DNA sequences (12) . Molecular analysis of nonprimate mammalian mtDNAs also suggests that mtDNAs are changing more rapidly than single-copy nuclear sequence (9) .
Maternal inheritance of mtDNA has also been observed in horse-donkey hybrids (13) , in the rat Rattus norvegicus (14) (15) (16) , and in the white-footed mouse Peromyscus polionotus (17) . Maternal inheritance of Xenopus and Drosophilia mtDNA has also been observed (18, 19) . We have taken advantage of the existence of restriction endonuclease mtDNA site polymorphisms within the human population (20) (21) (22) and of peripheral blood platelets as a source of human mtDNA (23) to test the hypothesis that human mtDNA is maternally inherited.
MATERIALS AND METHODS
mtDNA Preparation. mtDNA from cultured cells [HT1080 (24) or HeLa S3 (25) ] was prepared by using CsCl/ethidium bromide gradients from isolated mitochondria (1, 10 RESULTS Inheritance of Hae II mtDNA Polymorphism. The most commonly observed Hae II cleavage pattern found in the human platelet mtDNA we have Mined (the typical pattern) consists of six fragments ranging in size from 5 to 0.4 kb. In one three-generation family, an atypia fragment pattern was noted that lacked the 4.5-kb and 4.3-kb fragments of the typical pattern and instead contained a 9-kb fragment. The Hae II cleavage patterns of a portion of this family are shown in Fig.  1 . The female exhibited the atypical pattern (channel 5), her husband exhibited the typical Haw II cleavage pattern (channel 4), and their two sons and two daughters all exhibited the atypical maternal Hae II cleavage pattern (channels 6-9). We analyzed the Hae II mtDNA cleavage pattern exhibited by 33 individuals in this Caucasian family. Three first-generation siblings, two females and a male, expressed the atypical Hae II cleavage pattern; only two Hae II cleavage patterns were observed in the pedigree of this family (Fig. 2) . This situation permitted us to examine the irheritance of the atypical pattern from both the maternal and paternal sides through three generations. The results show that the Rae II mtDNA cleavage pattern in the progeny is always identical to the maternal pattern. We infer from this observation that'human mtDNA is maternally inherited.
- (10) . Channel 1, HT1080C, uncut; channel 2, HT1080C, BamHI (cuts human mtDNA once); channel 3, HT1080C, Hae II; channel 4, father (Fig. 2, I-5 Interestingly, HT1080 cultured human cells exhibited a Hae II cleavage pattern similar to the atypical platelet Hae II cleavage pattern (Fig. 1) , while HeLa S8 cells exhibited a Hae II cleavage pattern distinctly different from either the typical or the atypical Hae II platelet mtDNA pattern (data not shown).
The observation of these different Hae II mtDNA polymorphisms suggest that this particular restriction endonuclease may be especially useful for analyzing mtDNA in human populations. A map of the Hae II sites (typical and atypical) of human mtDNA is shown in Fig. 3 . The atypical Hae II cleavage pattern appears to be due to the absence of a Hae II site at map position 0.28, which is present in mtDNA from persons exhibiting the typical Hae II cleavage pattern.
Inheritance of HmcII mtDNA Polymorphism. The typical human mtDNA cleavage pattern produced by HincII, described by Brown and Goodman (21) , consists of 11 fragments ranging in size from s%4 kb to <0.2 kb. We observed a difference between the platelet mtDNA HincII cleavage patterns exhibited by the parents in a two-generation Oriental family. The paternal pattern corresponded to the atypical HinclI mtDNA pattern observed by Brown and Goodman (21) (21) was not observed and was probably run off the end of the gel. The difference in these two HinclI fragment patterns appears to be due to the absence of a HincII site in the typical pattern, which leads to the presence of a 3.5-kb fragment in the atypical pattern rather than the 2.6-kb and 0.9-kb fragments (Fig. 3) . Both the son and daughter exhibited the typical HincII cleavage pattern characteristic of the maternal mtDNA (Fig.  4) . Thus, this pedigree, which was studied by using a second restriction endonuclease polymorphism, also demonstrates molecular inheritance of mtDNA.
Inheritance of Hae III mtDNA Polymorphism. A third example of maternal inheritance of mtDNA restriction endonuclease pattern was found in a Caucasian family in which the parents differed in their Hae III mtDNA cleavage patterns. Both the son and daughter exhibited Hae III mtDNA cleavage patterns indistinguishable from the maternal pattern and distinctly different from the paternal pattern (Fig. 5) . Hae III digestion of human mtDNA gave t30 small fragments (20) , which have not been mapped and are not well resolved in agarose gels. Therefore, the nature of the Hae III site changes that have led to the different paternal and maternal fragment patterns evident in Fig. 5 are unknown.
DISCUSSION
The simplest explanation for our observations on the inheritance of mtDNA restriction endonuclease cleavage patterns in the three families we have studied is that human mtDNA is maternally inherited. In the case of the Hae II polymorphism, a dilution experiment indicated that paternal mtDNA would have been detected if present at a level of 4%. This observation excludes a codominant mode of inheritance but does not eliminate the possibility of a small amount of paternal input. X-linked inheritance of the Hae II cleavage pattern is excluded. If the atypical pattern were determined by an X-linked dom- inant gene, then females II-2, III-8, III-9, and III-12 should express the paternal Hae II pattern rather than the maternal pattern. If the typical pattern were determined by an X-linked dominant gene, females II-8, II-12, II-15, and II-16 should express the paternal rather than the maternal pattern. An autosomal dominant or recessive mode of inheritance of either Hae II cleavage pattern is not completely excluded in the pedigree shown in Fig. 2 .
However, this type of inheritance seems unlikely because there is no evidence of segregation for each sibship issuing from every possible mating between a heterozygote and a homozygous recessive individual in generations 1 and 2. Furthermore, in every mating potentially informative for segregation, the Hae II cleavage pattern of each offspring is identical to that of the mother, most unusual for autosomal dominant or recessive inheritance. With autosomal genes, there should be no preferential transmission of the maternal or paternal phenotype and hence no association between the phenotype of the progeny and the sex of the parents. The probability of our collecting seven informative families ( (17, 30) . We normally obtain approximately 1 ,g of mtDNA from the platelets collected from 30 ml of blood. This quantity of mtDNA is sufficient for a number of restriction endonuclease digestions when the fragments are detected by using radioactive probes. mtDNA is also readily detected by hybridization in restriction endonuclease digests of whole cell DNA prepared from the total leukocytes from 30 ml of blood (data not shown). Thus, in genetic studies of human populations, mtDNA polymorphisms may either be analyzed in DNA prepared from peripheral blood platelets (which permits using the remaining erythrocytes and leukocytes for testing other biochemical markers of interest) or in DNA prepared from whole leukocytes (which is compatible with simultaneous testing using other nuclear DNA probes). The ability to follow the inheritance of human mtDNA in families by analyzing blood samples for mtDNA restriction endonuclease site polymorphisms also provides an experimental approach for analyzing the genetic basis of inborn aberrations associated with mitochondrial dysfunction, such as familial mitochondrial myopathy (31, 32) , which may be due to alterations in genes located on the mtDNA.
